ABSTRACT: It is known that the lipid composition within a cellular membrane can influence membrane protein structure and function. In this Article, we investigated how structural changes to a membrane protein upon substrate binding can impact the lipid bilayer. To carry out this study, we reconstituted the secondary active drug transporter EmrE into a variety of phospholipid bilayers varying in headgroup and chain length and carried out differential scanning calorimetry (DSC) and solid-state NMR experiments. The DSC results revealed a difference in cooperativity of the lipid phase transition for drug-free EmrE protonated at glutamic acid 14 (i.e., proton-loaded form) and the tetraphenylphosphonium (TPP + ) bound form of the protein (i.e., drug-loaded form). To complement these findings, we acquired magic-angle-spinning (MAS) spectra in the presence and absence of TPP + by directly probing the phospholipid headgroup using 31 P NMR. These spectra showed a reduction in lipid line widths around the main phase transition for samples where EmrE was bound to TPP + compared to the drug free form. Finally, we collected oriented solid-state NMR spectra on isotopically enriched EmrE that displayed chemical shift perturbations to both transmembrane and loop residues upon TPP + binding. All of these results prompt us to propose a mechanism whereby substrateinduced changes to the structural dynamics of EmrE alters the surrounding lipids within the bilayer.
■ INTRODUCTION
The cell membrane is the fundamental barrier separating the inside of a cell from the outside environment. Within this milieu, the interplay between lipids and membrane proteins constitutes an additional feature regulating protein function that does not pertain to soluble proteins. One property of the lipid bilayer that membrane proteins influence is the main phase transition, which is the temperature at which "melting" from a ripple phase to the liquid crystalline phase occurs. While the transition of a pure lipid bilayer is a highly cooperative process exemplified by a narrow phase transition peak observed using differential scanning calorimetry (DSC), 1,2 the presence of additional components such as cholesterol and membrane proteins reduce this observed cooperativity by interfering with phospholipid packing.
2−4 An additional broadening mechanism has been proposed to arise from hydrophobic mismatch between the mean hydrophobic thickness of the bilayer and the hydrophobic length of the membrane protein.
2 Broadening induced by membrane proteins and the role of hydrophobic mismatch motivated us to consider how protein conformational changes might further influence the bilayer properties including the bilayer melting cooperativity. Our initial attempts employed DSC experiments in model 14:0-PC bilayers (DMPC) with the secondary active transport protein EmrE to investigate how binding to the high affinity substrate tetraphenylphosphonium (TPP + ) might influence the phase transition. 5 Our measurements showed that the addition of TPP + led to a substantial narrowing of the main phase transition and led us to hypothesize that a change in structure and dynamics induced by substrate binding can influence the physical properties of the lipid bilayer.
In this work, we systematically explored how different lipids can impact membrane protein/bilayer interactions by using EmrE as the model system in the presence of proton or drug substrates. These biophysical experiments investigated a range of lipids varying in chain length, headgroup type, and bonding between the acyl chain and glycerol backbone (i.e., ester or ether linkage). Our data with EmrE in the presence and absence of TPP + suggest that bilayer phase transitions probed using DSC are sensitive to the hydrophobic mismatch between the protein and lipid bilayer. In addition, we observed a narrowing of the 31 P line widths corresponding to the phosphate headgroup upon TPP + binding, which suggests that the structural perturbation induced upon drug binding reduces the disruptive effect EmrE has on the cooperativity of the lipid phase transition. Finally, we acquired oriented solidstate NMR spectra in the absence and presence of TPP + and
show evidence that drug binding induces changes relative to the proton-bound form of EmrE. Taken together, these findings support the conclusion that different substrates (i.e., protons or drugs) can exert differential effects on the physical properties of the lipid bilayer by binding to the transporter.
■ MATERIALS AND METHODS
Expression and Purification. EmrE was expressed in E. coli and purified in n-dodecyl β-D-maltopyranoside (DDM) detergent as previously described. 6, 7 In brief, EmrE was expressed as a fusion protein with maltose-binding protein (MBP). Bacteria were lysed, and the fusion protein was purified using an amylose affinity resin specific for MBP. The fusion protein was eluted from the amylose column by the addition of maltose in the presence of DDM. EmrE was cleaved from MBP with tobacco etch virus protease (TEV). MBP and TEV were removed by passing the protease reaction over a Ni-NTA column (both proteins have poly-His tags). The flow through containing EmrE was concentrated and purified to >95% by size-exclusion chromatography using a Superdex 200 10/300 column (GE Healthcare). Peak fractions were used for subsequent biophysical studies. Figure  S1 . The main phase transition is narrower and/or more homogeneous for 13:0-PC and 14:0-PC upon the addition of TPP + . Note that the addition of TPP + to liposome only samples did not influence the broadness as we previously observed for 14:0-PC bilayers.
Differential Scanning Calorimetry. 1,2-Ditridecanoyl-snglycero-3-phosphocholine (13:0-PC), 1,2-di-O-tetradecyl-snglycero-3-phosphocholine (O-14:0-PC), 1-palmitoyl-2-oleoylsn-glycero-3-phosphoethanolamine (16:0−18:1-PE; POPE), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (16:0−18:1-PG; POPG) were purchased from Avanti Polar Lipids, Inc. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (14:0-PC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (16:0-PC) were purchased from Affymetrix. Powdered lipids were dissolved in chloroform and dried under nitrogen gas and subsequently placed under vacuum overnight. POPE in chloroform and POPG in chloroform were mixed in a 3:1 mol:mol ratio, dried under nitrogen gas and overnight under vacuum. DDM solubilized EmrE in 20 mM Na 2 HPO 4 (pH 6.0), and 20 mM NaCl was reconstituted using Bio-Beads, as previously described, 5,7,8 with a lipid:protein ratio of 100:1 (mol:mol) into 13:0-PC, O-14:0-PC, 14:0-PC, 16:0-PC, or 3/1 POPE/POPG. The lipid:protein ratio was chosen to ensure sample homogeneity and has been selected by careful optimization of sample preparations for oriented solid-state NMR, 5,7 which is sensitive to the mosaic spread of the protein with respect to the lipid bilayer. 9 Proteoliposomes were pelleted at 300 000g for 2 h at 8°C using a TLA-110 rotor (BeckmanCoulter). Pellets were resuspended in 20 mM Na 2 HPO 4 , 20 mM NaCl, pH 6.0 (DSC buffer) and homogenized with freezefracturing. Samples were then split in half and pelleted using the previously mentioned conditions. To each sample, buffer or buffer containing 0.5 mM tetraphenylphosphonium (TPP + ) was added to bring the samples to a final lipid concentration of 9.3 mM. DSC measurements (heating and cooling) were recorded on a nanoDSC instrument (TA Instruments) using a scan rate of 4.8°C/h between the following temperatures: 0.2− 40.2°C (13:0-PC); 5−45°C (O-14:0-PC, 14:0-PC, and 3/1 POPE/POPG); or 20−55°C (16:0-PC) under a pressure of 3 atm and a 600 s equilibration time prior to scanning temperature in each direction. Data were analyzed using NanoAnalyze v3.6.0 or higher (TA Instruments).
Solid-State NMR Spectroscopy. Proteoliposome samples in DSC buffer were prepared for solid-state NMR by spinning down at 600 000g for 14 h at 8°C using a TLA-100 rotor (Beckman-Coulter). The supernatant was removed, and the pellets were center-packed in 3.2 mm thin-walled rotors with sample spacers to prevent dehydration.
Solid-state NMR data were collected on an Agilent DD2 spectrometer operating at a 1 H Larmor frequency of 600 MHz (14.1 T). Magic-angle-spinning (MAS) experiments were performed using a triple resonance ( 1 H/ 31 P/ 13 C) bioMAS probe (Agilent) at a spinning rate of 12.5 kHz. Typical pulse lengths for 1 H and 31 P were 2.5 μs and 5.5 μs, respectively. 31 P line widths were measured from a single-pulse experiment using a recycle delay of 6 s, an acquisition time of 20 ms, and a spectral width of 100 kHz. MAS experiments were acquired using a 100 kHz 1 H TPPM decoupling field (ω 1 /2π). :0-PC in a ∼ 3.8/1 molar ratio as described previously (6:0-PC is 1,2-dihexanoyl-sn-glycero-3-phosphocholine). For the ester and ether bicelle samples, the long-chain lipid to protein ratio was ∼140:1. PISEMA spectra were acquired by using phase-modulated Lee−Goldburg in the indirect t 1 15 N dipolar couplings was evolved with 12 increments and a total evolution time of 0.528 ms. The indirect dimension was corrected using a scaling factor of 0.82.
■ RESULTS AND DISCUSSION
Differential Scanning Calorimetry of EmrE Reconstituted into Lipids Varying in Chain Length. As discussed above, we previously observed narrowing of the lipid main phase transition upon addition of a high affinity substrate to 14:0-PC lipid bilayers containing the transporter EmrE.
5 To further explore the underlying reason for the observed narrowing, we carried out additional DSC experiments using EmrE reconstituted into lipid bilayers varying in chain length and headgroup type. The chain length dependence was studied by reconstituting EmrE into the following lipids: 13:0-PC, 14:0-PC (DMPC), O-14:0-PC (diether 14:0-PC), and 16:0-PC (DPPC). A change from an ester to ether linkage between the glycerol backbone and the acyl chain is akin to having an additional methylene group on the chain, 14 which would increase the mean hydrophobic thickness of O-14:0-PC by ∼2.2 Å relative to 14:0-PC. 15 Two DSC experiments were carried out in the absence and presence of TPP + at a pH of 6.0 for each lipid condition ( Figure 1A −D). Note that our previous DSC measurements with drug-free EmrE in 14:0-PC were carried out at pH = 7.0. A subsequent study by our group found that a highly conserved glutamic acid residue within EmrE had an apparent pK a value of 7.0 at 25°C, 16 which motivated our current work at pH 6.0 in order to avoid mixtures of protonated and deprotonated forms of the protein. The DSC thermogram data in 14:0-PC at pH 6.0 showed a noticeable narrowing of the phase transition in the presence of TPP + , which is similar to our previous findings at pH 7.0 ( Figure 1B) . We also acquired DSC data for liposomes in the absence of protein ( Figure 1E −H) and found all of these phase transition widths to be substantially narrower than those containing EmrE. In order to more easily compare the phase transition broadening across Figure 1A −D, we plotted the fullwidth at half-maximum (fwhm) for each of the transitions in Figure 2 as a function of the lipid length. The trend from these data show that shorter chain lengths lead to greater broadening and heterogeneity of the main phase transition relative to the longer chain length lipids tested. In addition, the differential broadening between the TPP + free and bound forms of EmrE was most notable in 14:0-PC lipids, while the longer chain length lipids (O-14:0-PC and 16:0-PC) showed smaller differences in line widths upon TPP + binding. The trend in our data as a function of lipid length prompted us to consider the role of hydrophobic mismatch. Indeed, a study by Zhang et al. previously investigated the relationship between the length of hydrophobic peptides versus the mean hydrophobic thickness (average thickness between the gel and liquid crystalline phases) of the bilayer.
2 Their conclusion was that if the average hydrophobic thickness of the bilayer was less than or equal to the hydrophobic length of the protein, the temperature range for bilayer melting increased. 2 We observed this trend for both the drug-free and TPP + bound forms of EmrE. Namely, the drug-free form of EmrE showed narrower phase transitions for O-14:0-PC and 16:0-PC and broader transitions for 13:0-PC and 14:0-PC. The TPP + bound samples also showed substantial phase transition broadening and heterogeneity in the thinnest bilayer tested (13:0-PC). Therefore, the trends in our data suggest that differential broadening observed in 14:0-PC bilayers stemmed from a difference in hydrophobic thickness between the protonated form of EmrE and the TPP + -bound state. The observed differences imply a structural change within EmrE upon binding to TPP + , which is supported by NMR, 5,7,16−19 EPR, 20 and cryoelectron microscopy 21 observations. Taken together, these data suggest that the protonated state of EmrE may have transmembrane (TM) helices with a slightly altered orientation in the membrane relative to the TPP + -bound state, which would lead to a greater hydrophobic mismatch in 13:0-PC and 14:0-PC bilayers.
Based on the trend of increasing phase transition broadness for EmrE with decreasing bilayer thickness, we wondered whether our DSC results were consistent with existing structural knowledge on EmrE. 22−24 In other words, does the hydrophobic thickness of EmrE exceed that of the thinnest bilayers tested? To make this comparison, we calculated the mean hydrophobic thickness of O-14:0-PC, 14:0-PC, and 13:0-PC in the absence of protein based on work by Sperotto and Mouritsen, 15 which gave values of 30.7 Å, 28.5 Å, and 26.3 Å, respectively. To approximate the hydrophobic thickness of EmrE along the bilayer normal axis (see Figure S2 ), TM4 was chosen since its helical axis is most collinear with the bilayer normal 5,7,25 and it has a well-defined helical region.
18
Specifically, we estimated that TM4 spans from Leu85 to Leu104 based on MAS experiments in lipid bilayers and solution NMR spectroscopy in lipid bicelles 18 along with available structural and modeling studies. 23, 24 This means that the TM4 helix is composed of ∼20 residues and a length of ∼30 Å by assuming ideal helix geometry (i.e., 1.5 Å per residue). When a helix is parallel with the bilayer normal, the helical length can be directly compared with the protein-free bilayer thickness. However, when a helix tilts away from the bilayer normal, the helical length cannot be directly compared with the protein-free bilayer thickness. Using our previously reported TM4 tilt angles of 12−14°in the asymmetric dimer, 7 the helix length projected along the bilayer normal dimension (i.e., bilayer thickness) is ∼2−3% shorter than the helical length or ∼29.2 Å (i.e., cos θ × helix length). The protein hydrophobic thickness compared to the bilayer hydrophobic thickness of 13:0 PC (29.2 Å vs 26.3 Å) suggests a notable difference that may explain the broadening of the phase transition observed in the drug free and drug bound forms of EmrE ( Figure 1A) . Similarly, a 14:0 PC bilayer would be slightly thinner than the hydrophobic thickness of EmrE. However, a structural change induced upon TPP + binding may reduce this mismatch, which could explain the differential broadening observed by DSC for the proton and TPP + bound forms of EmrE.
Differential Scanning Calorimetry of EmrE in Lipids Mimicking Bacterial Membranes. Next we carried out DSC experiments for EmrE in lipids that closely mimicked the headgroups found in the native membrane. While it is possible to measure phase transitions in Escherichia coli polar lipid extracts, the main phase transition has been reported to be unstable in air and close to the freezing point of water. 26 For these reasons, we used a 3/1 mixture of POPE/POPG. 27−31 This composition matches the two most common headgroups Figure 1D . However, due to the observed thermal hysteresis for the lipid-only POPE/POPG mixture, only qualitative conclusions can be drawn regarding the effect of TPP + binding to EmrE on the phase transitions.
The Journal of Physical Chemistry B Article present in native E. coli membranes and is similar to the DOPE/DOPG lipid composition that preserves EmrE transport. 32 The DSC thermogram data for EmrE in POPE/POPG are presented in Figure 3A ,B and indicate a hysteresis of the main phase transition. Specifically, we observed a broad transition in heating scans and a narrow transition in cooling scans. However, the hysteresis was protein-independent and was also observed in 3/1 POPE/POPG samples without EmrE ( Figure 3C ). Thermal hysteresis in POPE/POPG bilayers has been previously reported and may arise from the coexistence of phases that are segregated and composed of liquid crystalline POPG (T m = −2°C) with a second fraction of POPE in the gel-phase (T m = 25°C). 33 Due to the hysteresis, we can only make qualitative conclusions that data in Figure 3A ,B show similar heating and cooling curves between the protonated and TPP + bound forms of EmrE. This observation is consistent with DSC results in 16:0-PC, which has a similar hydrophobic thickness as POPE/POPG.
Aside from the main topic of this article, hysteresis in multicomponent lipid mixtures could have consequences for MAS experiments aimed at the detection of isotopically enriched proteins. Namely, we have previously shown that the optimal temperature to acquire MAS spectra on polytopic membrane proteins is below the main phase transition temperature of the bilayer for single component systems such as 14:0-PC or 16:0-PC. 34 However, for bilayers composed of POPE/POPG that display hysteresis, the spectral quality may be influenced depending on whether the sample is heated or cooled to the desired temperature and therefore should be investigated for each protein under study.
31 P NMR of the Lipid Headgroup Using Magic-AngleSpinning (MAS) Solid-State NMR. The DSC observations prompted us to collect MAS solid-state NMR spectra on the lipids to gauge the relative dynamics of the headgroup. 35−37 For these experiments, the temperature was varied from 9 to 45°C with a single pulse 31 P experiment collected at each temperature value for liposomes without protein and liposomes reconstituted with EmrE in the absence and presence of TPP + . The 31 P line widths at 50% maximal intensity were quantified and plotted in Figure 4A ,E for 14:0-PC and O-14:0-PC lipid bilayers, respectively. The trend for each temperature profile showed a maximal line width near the main phase transition of the lipid bilayer, which was also previously observed for line width measurements in 16:0-PC bilayers 38 and for 14:0-PC bilayers using T 2 relaxation experiments. 37 The explanation for this behavior is that the bilayer is ordered in the gel state (i.e., below the T m ) and therefore the motion of the headgroup is slow, which enables MAS to reduce the chemical shift anisotropy of 31 P. As the temperature is increased and the bilayer begins to melt, the lipids undergo increased rotational motion 37 and are broadened by intermediate time scale chemical exchange (i.e., inability of MAS to average out chemical shift anisotropy). When the bilayer is fully melted and in the liquid crystalline state, the lipids undergo rapid motion, which acts as a self-decoupling mechanism to give the narrowest 31 P line widths in the temperature titration. These observations are consistent with previous findings.
39−42
The 31 P line widths for proteoliposome samples corresponding to EmrE in the presence and absence of TPP + each gave maximal values near the main phase transition (Figure 4) . However, ∼10% narrower line widths were observed around the main phase transition temperature for TPP + bound EmrE relative to the drug-free form (Figure 4A and 4E; example 31 P spectra are shown in Figure 4B −C and 4F−G). This observation was similar to the narrowing effect observed with EmrE binding to TPP + using DSC. Furthermore, the 31 P line width curves for EmrE bound to TPP + were shifted toward the liposome only data set ( Figure 4A,E) . This observation suggested that when EmrE binds TPP + , it underwent a change in structural dynamics that attenuated its effect on the membrane. Since the bilayer is viewed to be disordered in the liquid crystalline state relative to the gel state, the effect of TPP + binding to EmrE caused the surrounding lipids to return to a more dynamic and disordered state as observed in lipidonly experiments ( Figure 4D,H) .
Oriented Solid-State Spectra of EmrE in 14:0-PC and O-14:0-PC Bicelles. To probe differences induced to EmrE upon TPP + binding, we carried out oriented solid-state NMR Note that the small peak around ∼1 ppm is the signal from the phosphate buffer used to prepare the samples.
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Article experiments on EmrE embedded within 14:0-PC and O-14:0-PC lipid bicelles. While ester bonds between the phosphate headgroup and the acyl chain are the primary linkages in phospholipids, ether-linked lipids are found in a wide variety of biological organisms including deep sea organisms, archaebacteria, and mammalian species in the form of plasmalogens and platelet activating factors. 43 Ether-linked lipids have become a valuable alternative for structural studies due to their increased chemical stability over a wide pH range relative to ester-linked lipids. 44−47 The need for pH-dependent studies of EmrE make the ether lipid system attractive, 16 and it is therefore important to ensure these lipids do not influence the protein's structure. In fact, for the antimicrobial peptide novicidin, the secondary structure was found to be influenced by the presence of etherlinked lipids as compared to the ester-linked counterpart. The Journal of Physical Chemistry B Article spectra of membrane proteins give periodic spectral patterns, which stem from the periodicity of helices and sheets. 50, 51 The initial experiments were carried out using isotopically enriched drug-free EmrE in the protonated form by reconstituting the protein into two lipid bicelle compositions (14:0-PC/6:0-PC or O-14:0-PC/6:0-PC). The PISEMA spectra are shown in Figure  5A ,B and were acquired with the same number of scans and increments in order to allow for a direct comparison. Overall, we found that the spectra were similar in terms of sensitivity and resolution. The 15 N dimension line widths for these samples and others not shown were essentially identical and had an average ± standard deviation of 2.5 ± 0.5 ppm. To assess the sensitivity, we quantified the peak heights for all resolved resonances in these two spectra. The average signal intensity was within 2% between these spectra and therefore did not represent a statistically significant difference. Lastly, we compared the peak positions by calculating 15 N chemical shift perturbations among 14:0-PC and O-14:0-PC bicelle samples in Figure 5E (blue bars). Although most changes were minimal, two notable exceptions were seen for Thr18 and Thr56, which had shifted peak positions between 14:0-PC and O-14:0-PC bicelles. The position of Thr18 is near the end of TM1, while Thr56 is in the loop between TM2 and TM3. Thus, both of these residues are predicted to be near the headgroup position of the lipid and may explain subtle differences in PISEMA spectra within the two bicelle compositions. Nevertheless, taken as a whole, these spectra were very similar and support a benefit to the ether-linked lipid since it has a higher degree of pH stability needed for pH-dependent studies.
To investigate the structural perturbations to EmrE upon TPP + binding, we acquired PISEMA spectra on 15 N-Thr labeled EmrE in 14:0-PC and O-14:0-PC lipid bicelles. These spectra are shown in Figure 5C and 5D. Similar to EmrE in the protonated form, the peak positions in these two lipid environments shared a strong similarity for the TPP + bound form. A comparison of 15 N chemical shift perturbations in Figure 5E (red bars) shows no major perturbations (i.e., < ∼ 2 ppm), which suggests that the TPP + bound forms in the two bicelle compositions are more similar than in the absence of TPP + . In fact, the difference observed for Thr56 between 14:0-PC and O-14:0-PC in the absence of TPP + was not observed when comparing the TPP + bound spectra. Note that the Thr56 1 H− 15 N dipolar coupling showed an even more noticeable difference in the drug-free form between 14:0-PC and O-14:0-PC than for the TPP + bound forms (1.4 kHz vs 0.1 kHz). These findings are consistent with DSC results that indicated similar main phase transition line widths for 14:0-PC and O-14:0-PC in the TPP + bound form of EmrE. In contrast to our comparisons of the same form of EmrE in two different bicelle conditions, the differences between EmrE in the absence and presence of TPP + are much more striking. The chemical shift perturbation plot is shown in Figure 5F and reveals structural changes to loop (Thr56) and transmembrane domain residues (Thr18, Thr19, Thr36, Thr50), which is consistent with our previous oriented sample solid-state NMR spectra on EmrE. 7 As noted above, the perturbations induced by TPP + were very similar between the two lipid bicelle environments and support the conclusion that the effect of TPP + is to induce a change in the structure of EmrE relative to the lipid bilayer normal. In addition to structural perturbations, we previously observed that 
